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.'  changes  in  the  chemical  properties  of  nylon  66  taffeta  material  and 
olive  drab  ripstop  material  on  accelerated  thermal  aging  are  reported.  The 
thermooxidative  changes  that  occurred  were  used  to  measure  rates  and  degree  of 
polymer  degradation.  Relationships  between  tensile  strength,  molecular 
weight  and  other  chemical  changes  were  established  and  found  to  be  applicable 
for  in-service  parachutes. 
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ABSTRACT 


Changes  in  the  cheaisai  prope.’ties  of  nylon  66  taffeta  material  and 
olive  drab  ripatop  material  on  accelerated  thermal  aging  are  reported.  the 
the rmoosi dative  changes  that  occurred  were  used  to  measure  rates  and  degree  of 
polymer  degradation.  Relationahipe  between  tensile  strength,  molecular 
weight  and  othsr  chemical  changes  were  established  and  found  to  be  applicable 
for  in-service  parachutes. 

The  nylon  66  materials  were  also  examined  for  photochemical 
degradation  after  outdoor  exposure.  No  phototendering  was  found  for  the  dyed 
material  and  the  difference  in  degradation  rates  was  attributed  to  different 
stabilisers  being  used  during  fibre  manufacture. 
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AGR-LIPR  PRBniCTlON  OP  NYLON  66  PARACHUTR 


HATRRIALS  -  PART  2.  CHANGRS  IN  THR  CHRMICAL  AND  PHYSICAL 
PROPRRTI  F.S  OF  MATRRIALS  ON  AGING 


1 .  INTRODtICTION 


Nylon  66  parachute  aiaterlala  have  been  found  to  underqo  a 
progressive  loss  of  strenctth  durlnii  storaqe  and  service,  in  studies  detailed 
in  Part  1  of  this  report  (11  it  was  found  that  slqnif leant  losses  of  strenqth 
occurred  In  unused  parachutes  In  storaqe.  Accelerated  thermal  aqtnq  studies 
on  parachute  canofiv  material  at  temperatures  from  6S*C  to  110*c  were  used  to 
determine  an  extrapolated  rate  of  degradation  at  storaqe  temperatures.  These 
results  gave  qood  aqreement  with  measured  strenqth  losses  from  parachutes 
stored  for  up  to  20  years  and  accelerated  aqinq  data  were  used  for  predletlnq 
the  service  life  of  a  new  nylon  66  rlpstop  material  (il  used  in  the 
manufacture  of  the  present  ranqe  of  *^10  personnel  (Parachutes.  Results 
showing  the  performance  of  the  canopy  materials  when  exposed  to  sunlight  were 
also  presented  In  Part  i  of  this  report. 

These  results  did  not  provide  any  insight  into  the  reasons  for  the 
slow  strength  losses  occurring  on  storage  or  the  relative  rates  of  strength 
loss  from  the  two  types  of  canopy  material  studied  by  aeceleratfsd  thermal 
aging  and  outdoor  exposure.  1“  tMe  report  a  study  of  the  physical  and 
chemical  changes  occurring  m  vAe  materials  during  degradation  is  reported. 
These  results  are  interpreted  within  the  fraaework  of  the  known  chemical 
reactions  occurring  in  nylon  66  polymers  during  thermal  and  phoiaehemieal 
oxidation.  from  thesr  studies  the  prooesses  of  strength  lasses  occurring  ot^ 
aging  can  be  radonalieed. 


2.  KXPBRIHBNTAL 


the  materials  studied  in  this  report  were  identical  to  those  used 
for  mechanical  measurements  in  Part  1.  the  material  consisted  of  fabric 
woven  from  yarns  of  oriented  nylon  66  fibres  of  averaqe  diameter  20  ym.  The 
polymer  was  confirmed  to  l)e  polv(hoxamethylene  adipamide)  by  Differential 
Thermal  Analysis.  The  following  polymer  property  and  chemical  analysis 
measurements  were  performed. 


2.1  Dynamic  Mechanical  Measurements 


The  class  transition  temperature  T^  was  determined  using  a 
Rheovibron  DDV~i1-C  Dynamic  Vlscoelastometer^operated  at  a  constant  frequency 
of  110  Hz.  The  sample  qrips  were  modified  as  described  by  Massa  et  al  (2]  to 
minimize  slippaqa  c.f  the  5  mm  strips  of  fabric.  the  temperature  was 
monitored  using  a  chromel  alumel  thermocouple  held  near  the  sample  surface. 

T^  is  defined  as  the  temperature  nt  vdiich  the  loss  factor,  tan  6,  is  a 
maximum. 


2.2  Kolecular  Weight  Measurement 


Nylon  66  fibres  were  dissolved  in  m-cresol,  centrifuged  to  remove 
any  pigments,  and  the  intrinsic  viscosity  {n)  measured  at  25*c  with  an 
Ubbelohde  dilution  viscometer.  the  viscosity  averaqe  molecular 
weight,  Bv,  was  obtained  by  using  the  constants  K  «•  240  x  10”^  cm^  q"^  and 
a  »  0.61  in  th«  Hark-Kouwink  Equation  13] • 

{nj  »  k  »v« 


2.3  Chumical  Analysis 


2.3.1  Carbonyl  Groups 


The  epneentration  of  aldehyde  and  keto  aeidle  qroupa  in  the  nylon 
fibres  were  determined  by  their  reaction  with  S-methostvphenol  in  concentrated 
sulphuric  acid  {4],  ^is  reactioa  gives  a  red  eoloration  due  to  a  eoapl  .x 
wifh  a  carhonvl  group,  and  tl»e  concentration  may  be  determined  from  the 
extiriction  coefficient  of  12,000  I  mol”'  cm"'  at  S30  nm« 


2.3.2  kaine  and  garboxvlic  Acid  Rnd  groups 


Aaine  end  groups  on  the  nylon  were  determined  by  canduetometric 
titration  of  a  nylon  solution  in  phenol  using  o,0i  m  hydrochloric  acid  fS], 
JU?id  end  groups  wore  determined  hv  titration  ©f  a  0.2  g  sample  of  nylon 
dissolved  in  bensvl  alcohol  at  with  a  O.oi  m  aolutioo  of  potassium 

hydroxide  in  bensyl  alcoiiai,  to  a  phenoiphthalein  end  point,  a  blank 
determination  compensated  for  the  carboxyl  groups  formed  bv  heatino  hengyl 
alcohol  in  air 
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2*4  Dye  Analysts  and  Phototenderlng  Experiments 


In  Part  1  of  this  report  it  was  noted  that  nvlon  ripstop  material 
dyed  olive  drab  showed  a  much  qreater  rate  of  strenqth  loss  than  the  plain 
white  taffeta  material  when  exposed  outdoors  (11.  As  it  is  known  that 
certain  dyes  can  increase  the  rate  of  photo-deqradation  of  nylon  66  i6] 
(phototenderinq)  the  dyes  used  in  this  material  were  examined.  The  oli  .'«i 
drab  material  was  extracted  with  pyridine  to  remove  the  dyestuff.  This  was 
then  separated  by  hiqh  performance  liquid  chroma toqraphv  into  three  component 
dyes  coloured  liqht  blue,  dark  blue  and  oranqe. 


To  determine  if  any  of  these  dyes  were  responsible  for 
phototenderinq,  these  three  colours  plus  the  oriqinal  olive  drab  were  applied 
to  nylon  yarns  usinq  a  conventional  dveinq  system.  Acetic  acid  wan  added 
towards  the  end  of  the  dyeinq  cycle  to  aid  exhaustion. 


These  samples,  toqether  with  undyed  yarns,  were  mounted  outdoors  at 
MHI.  at  an  anqle  of  36*  to  the  horiaontal  and  the  mechanical  properties 
measured  periodically.  The  solar  radiation  dose  was  measured  by  chanqes  in 
absorbance  at  340  nm  of  poly(phenvl«ne  oxide)  films  (7). 


3.  RESULTS  AND  DISDJSSION 


3,1  Molecular  Weight  Chanqes  during  Thermal  Aging 


The  loss  of  strength  of  the  nylon  66  polvmer  that  occurs  on  thermal 
aqinq  can  result  from  either: 

(i)  a  decrease  in  the  energy  to  fisaeture  the  polvmer  ^uee  of 
crystal lisationj 

(ii)  a  decrease  in  the  molecular  weight  of  the  polymer  dije  to  chain 
seleslon  reactions. 

Tf»e  dynamic  meehaiucal  sieasucemente  of  nylon  66  during  thermal  aging 
show  that  there  is  little  change  in  the  breadth  or  height  of  the  loss  peak, 
both  of  which  would  be  expected  to  change  if  the  ervstalltnitv  altered  fft). 

there  is,  howewr,  a  decrease  in  viseoeitv  average  moleeular  weight 
as  shown  in  Eigurs  1  for  thermal  aging  af  both  nylon  66  taffeta  and  ripstop 
materials  at  while  fne  data  show  substantial  scatter,  there  is  a 

clear  trend  far  a  decrease  in  Ry  with  time  of  aging  and  the  loss  in  strength 
is  attributed  to  sctsalon  of  the  palymes  enain.  It  is  poseihlo  that  some 
chain  cross  Unking  also  Qeei»r3.  This  could  be  detected  bv  aeasureaeftt  of  the 
complete  molecular  ^^ight  distribution  of  the  polymer.  ‘fhe  change  in  Rv  in 
both  types  of  materials  is  aecumpanied  bv  a  significant  change  in  the  chemical 
compoavSticn  of  the  polymer. 
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Nylon  66,  as  manufactured,  contains  both  terminal  acid  and  amine 
groups.  these  end  groups  can  be  analysed  by  the  methods  in  Section  2.3.2  to 
give  the  number  average  molecular  weight  (fin)  of  the  polymer.  It  was  found 
that,  during  accelerated  thermal  aging  of  the  nylon  66  taffeta  material,  there 
were  changes  in  t)te  concentrations  of  these  end  groups. 


3.2  Amine  End  Groups 

There  was  a  rapid  decrease  in  the  amine  group  concentration  with 
time  of  exposure  at  elevated  temperature.  This  is  shown  in  Figure  2  for 
temperatures  of  65*C,  80®C,  100®C  and  110®C. 

These  experiments  show  that  tho  nvlon  66  fibre  samples  reach  a  final 
amine  end  group  concentration,  C  ,  of  about  22  pmol  after  prolonged 
thermal  aging,  independent  of  the  temperature.  The  disappearance  of  amine 
end  groups  was  tested  for  being  first  order  in  amine  concentration,  C,  by 
plotting  log  IC  -  C^/C  -  C^J  against  time  of  aging.  is  the  original 

concentration  of^amine  end  groups  in  the  fibre  (61  urool/g).  ^  plot  of  the 
data  for  amine  end  group  disappearance  at  80*C  and  100®C  is  given  in  Figure  3 
and  it  can  be  seen  that  first  order  kinetics  are  obeyed.  Table  l  summarises 
the  rate  constants  for  amine  disappearance  at  the  test  temperatures.  Figure 
4  shows  that  these  data  fit  an  Arrhenius  relation  over  this  temperature  range 
giving  a  pre-exponential  factor  A  of  2.2  x  10  s~'  and  an  activation  energy, 

Ea,  of  71.0  kJ  mol”  .  This  value  for  the  activation  energy  is  significantly 
lower  than  the  value  of  1S1.2  kJ  mol”  reported  by  Valko  and  Chiklis  over  the 
temperature  range  136*C  to  192*C  (9).  It  is  noted  that  the  temperatures  in 

their  study  are  above  the  glass  transition  temperature  of  107»C  of  the  nylon 
66  fibre  measured  In  this  investigation  by  dynamic  mechanical  methods.  It 
has  been  reported  that  the  rate  of  many  polytsee  reactions  such  as  oxidation 
increases  abov^  the  glass  transition  temperature  [10)  and  it  Is  not  expected 
that  the  mechanism  for  amine  consumption  at  the  high  temperatures  studied  by 
Valko  and  Chiklis  would  necessarily  be  the  sane  as  that  at  lower  temperatures. 


It  is  of  interest  to  note  the  significance  of  the  value  of  the 
eoneentration  of  amine  end  groups  that  cannot  undergo  ehe»',eal  reaction.  The 
value  of  22  umol  represents  36.1%  of  the  original  concentration ,  C^.  A 
typical  nylon  66  fibre  has  a  degree  of  crystallinity  ranging  from  36  to  43%  so 
it  is  reasonable  to  assume  Uiat  represents  those  amine  end  groups  that  lie 
in  the  eryetalline  region.  This  explains  the  lack  of  reactivity  of  these  end 

groups  as  only  the  chains  in  asorphoue  regions  have  sufficient  eobilitv  to 
undergo  chemical  reaction. 

Among  the  iH>esible  reasons  for  the  diaappearance  of  amine  end  groups 
during  theraal  aging,  further  palycondeneatioo  with  terminal  carboxyl  groups 
and  free-radical  oxifiation  would  appear  the  meet  likely.  The  proeesa  of 
thermal  aging  Iv'tda  ^o  an  immediate  and  rapid  increase  in  the  carboxyl  group 
cencentratioft  and  there  is  also  a  degrease  is  the  molecular  weight  of  the 
polymer.  These  results  favour  the  process  of  oxidation  rather  than  further 
polyeondensatiun  as  will  he  argued  below. 
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3.3  Carbonyl  and  Carboxyl  Groups 


There  is  a  slqnificant  ohanqe  in  the  extent  of  c^cidation  of  the 
polymer  on  aging.  In  Table  2  the  changes  of  carbonyl  ami  carboxyl  group 
concentration  in  the  polymer  with  time  of  aging  at  110°C  are  compared. 


The  changes  in  carboxyl  group  concentration  with  time  of  aging  at 
temperatures  of  65**C,  80®C,  100®C  and  110®C,  are  shown  in  Figure  5.  The 
rapid  increase  in  carboxyl  as  well  as  carbonyl  group  concentration  clearly 
indicates  that  the  chemical  changes  occurring  on  thermal  aging  are  due  to 
oxidation  of  the  polymer.  The  rate  of  formation  of  carbonyl  groups  is  much 
lower  than  carboxyl  groups.  At  110®C  the  initial  rates  of  formation  are 
respectively  0.275  umol  g“'  day**^  and  2.7  umol  dav“\ 


The  growth  of  carboxyl  groups  at  temperatures  of  65®C  and  R0®C 
appears  to  be  linear  with  time.  However,  at  lOO’C  and  IIO^C.  the  curves 
indicate  that  carboxyl  group  formation  follows  first  order  kinetics.  This  is 
tested  in  Figure  6  and  it  is  seen  that  the  data  at  110®C  fits  the  relation 


[COOHL  »  COOH  (1  -  a  '  ) 

where  (COOH)^  »  103  pmol  g  ^ 

k'^  »  0.025  day  ^ 

(COOHIq  *  (carboxyl  concentration  at  time  ‘t*  -  carboxyl  concentration 

at  time  ’to') 

tCOOH]^  w  (maximum  eoneentration  of  carboxyl  -  carboxyl  concentration 

at  time  'to') 

where  is  the  rate  constant  for  cartioxvl  groups  formation  by  the  overall 
reaction  (11,  wWeh  cone^iste  of  many  separate  reactions  hU* 


i.e. 


k  • 

RH  *  e  ’ — ^  R'eoeH 


diRHl 

dt 


..  !5i 

dt 


dtB'CfXIRl 

dt 


k  ‘(RHlto,) 


(1) 


At  high  oxygen  partial  prcesures  the  eoneentration  of  oxvggn  ie  not  rate 
deterainiag. 

It  is  agced  that  while  earhonyl  sxidaciaa  products  «av  reavilt  either 
free  oxidation  af  the  ehata  withaut  chain  eelesien  ar  by  a  radical  reaction 
guah  as  6  scisaien  till,  earbaxyl  group  formation  can  occur  only  as  a  result 
of  chain  scieaion  ainca  nylon  he  in  an  unbranched  condensation  polvaer.  fhun 
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all  t^arboxyl  groups  are  at  chain  ends, 
concentration  monitors  the  decrease  in 
polymer  '..tain  scissions. 


and  the  increase  in  carboxyl  group 
molecular  medght  of  the  polymer  due  to 


Si  iCe  carboxyl  group  per  molecular  corresponds  to  a  maximum  of 
one  crhaiii  a  illusion,  then  a  measure  of  the  chain  scissions  will  be  given  by 


s* 


ICOOHI 

(COOHl 

to 


Thin  chemical  method  for  measuring  degradation  can  be  compared  with  the 
physical  measurement  of  chain  scissions,  S,  from  the  decrease  in  molecular 
weight. 


where: 


.  -sa  -  1 

K 


This  is  shown  in  Table  3  for  aging  at  110®C.  A  plot  of  S  against 
S*  (Figure  7)  shows  that  the  chemical  method  indicates  a  higher  number  of 
chain  scissions  at  short  times  of  aging  than  Is  determined  from  Whether 

this  indicates  substantial  crossllnking  (perhaps  through  the  amine  end  groups) 
is  uncertain.  A  broadening  of  the  molecular  weight  distribution  with  little 
change  in  could  occur.  Determiaati-^in  of  the  molecular  weight  distribution 
by  aise  exclusion  chromatography  would  he  required  to  elucidate  this 
further.  The  rate  of  polymer  chain  scisaions  at  long  aging  times  can  be 
determined  from  the  molecular  weight  data  of  Figure  1, 


3.4  Relation  between  retained  strength  and  chain  scissions  measured 
by  carboxyl  group  concentration 


From  the  temperature  deptsndence  of  the  rate  of  foreation  of  carboxyl 
group  formation  (Table  4)  the  av'^tivation  energy  for  polymer  chain  scissions 
stay  be  determined.  This  is  shown  in  Figure  8,  and  gives  an  activation  energy 
of  S8  kJ/aol  which  is  only  slightly  lo%»r  than  the  value  of  66. S  kd/mol  for 
the  activation  energy  calculated  for  the  rate  of  loss  of  strength  of  nylon  66 
taffeta  (1).  As  the  lose  of  strength  on  aging  results  from  the  scission  of 
the  polymer  chain,  there  should  be  a  simple  relation  between  S',  as  aeasuted 
from  carboxyl  group  concentration,  and  t)*e  loss  in  strength  of  the 
material.  this  fQllov<e  since,  in  many  polymers,  the  relationship  between 
strength  o,  and  number  average  molecular  vseight  is  given  bv  ti2) 


where  A  and  b  are  constants 


0 


If  Lo  is  the  loss  in  sttenqth,  then 


Ad  ».  oo  -  0  a  b(4~  - 

^  »<n 


u  const.  S' 


This  relationship  is  shown  in  Plciure  9  uaimi  accelerated  ar  <  data  at  flO*c. 
This  can  be  tested  by  usinq  flqure  9  to  determine  the  expe..  ad  strength  loss 
from  an  actual  parachute  in  which  the  carboxyl  conceotr-*ioft  has  been 
determined.  Hie  chanqe  in  carboxyl  group  cot»cantratio  with  the  ace  of  the 
parachute  canopy  material  is  shown  In  Figure  10.  At  lb  years  the  calculated 
chain  scission  S'  from  Flqure  10  are  0.7  per  molecuX' .  Prom  Piqure  9  this 
predicts  a  strenqth  loss  of  19.2%.  The  measured  loss  in  tensile  strenqth  of 
the  material  is  19%  (Figure  6,  Part  1). 

In  a  recent  report  [121  the  change  in  the-  chemical  composition  of 
thermally  aqed  nylon  yarn  has  been  measured  by  UV-viaihle  absorption 
apectrophotofoetry  and  related  to  the  loss  in  tep»lle  strenqth.  While  the 
chemical  species  responsible  for  the  chanqe  in  OV  absorption  was  not 
identified,  this  report  demonstrateti  the  sensitivity  of  a  chemical  method  for 
determininq  the  degree  of  tensile  strenqth  loss  in  aqed  yarn*.  Ilie  result* 
reported  here  also  demonstrate  that  the  chemical  chanqes  in  carboxyl 
concentration  of  the  fibre  can  he  used  to  predict  strength  losses  from  nylon 
parachute  materials  held  in  storage.  in  addition,  accelerat&i  aging  methods 
may  lie  u-sed  to  duplicate  the  changes  occurring  on  long  tern  storage  provided 
that  the  test  temperature*  do  not  largely  exceed  the  glass  transition 
temperature  of  the  nylon  t>6  fibre  (107*0. 


1.9  Degradation  during  Outdoor  Expfiaure 


As  detailed  in  Part  1,  the  olive  drab  rlpstop  and  undyed  taffeta 
materials  both  showed  a  decrease  in  strength  oo  outdoor  exposure,  but  it  was 
fotiftd  that  the  dyed  ripstot?  degraded  faster.  This  is  oppoeite  to  the 
behaviour  in  theraal  aging  ti!. 


Haleci-ilar  weight  aeasurawents  on  totb  aateriala  eonfirtsed  that  »he 
alive  drab  material  showed  a  faster  rate  of  chain  aeiasion  than  the  undyev. 
taffeta.  These  results  are  summarised  in  Table  ange  again  polymer  chain 

geiasiens  tin  this  case  calculated  fva«  aaleeular  weight  data)  are  slaply 
related  to  the  loep  in  strength  as  shown  in  Figure  11  for  both  tvoea  of 
satorial. 


the  possibility  of  the  oifferesge  in  the  rates  pf  photochemical 
degradation  arising  from  sensitiaaiioa  of  the  nylon  ripstep  liy  one  of  the 
exponents  O#  the  olive  drab  dye  has  been  investigated.  Aa  shown  irs  Figure 
ii,  there  is  a  Bvsteaatic  iaereaee  in  the  reflegtano^  of  the  nvl««  aaterial 
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at  400  nm  with  solar  radiation  dose.  This  could  result  from  photode'/radation 
of  one  of  the  dyestuffs  that  leads  to  fading  on  outdoor  exposure  [13]. 

Whether  this  reaction  contributes  to  an  increased  rate  of  photo-oxide  tion  of 
the  nylon  substrate  is  uncertain,  and  the  following  experiments  were  performed 
to  examine  the  phototendering  effect  of  any  of  the  dye  components. 


As  detailed  in  the  experimental  section,  the  component  dyes  were 
separated  from  the  olive  drab  material,  applied  to  nylon  66  yarns  and  exposed 
outdoors.  The  tensile  strength  of  the  yarns  was  measured  as  a  function  of 
solar  dose.  The  results  are  summarised  in  Table  6  and  it  can  be  seen  that, 
within  the  expected  scatter  of  mechanical  measurements,  Jione  of  the  component 
dyes  produced  an  increase  in  the  rate  of  tensile  strength  loss  compared  to  the 
undyed  yarn.  Of  particular  interest  is  the  observation  that  the  orange  dve 
shows  a  photos tabilising  effect.  As  a  detailed  chemical  analysts  of  the  dye 
components  has  not  been  performed  no  further  conclusions  can  be  'Irawn.  It 
does  not  appear  from  these  experiments  that  the  dyes  are  responsible  for  the 
increased  rate  of  degradation  of  the  rips top  material. 


The  differences  between  the  materials  therefore  must  aizise  from 
differences  in  the  stabilizers  in  the  nylon  66  fibres,  yet  extraction  and  HPLC 
analysis  has  so  far  failed  to  reveal  significant  differences. 


4.  CONCLUSIONS 


It  was  shown  that  the  thermo-oxidative  processes  occurring  during 
aging  of  nylon  66  can  be  used  to  monitor  the  rates  and  degree  of  polymer 
degradation.  These  rates  can  be  determined  by  changes  in  the  polymer 
carbonyl,  carboxyl  and  amine  concentrations,  as  well  as  the  more  conventional 
molecular  weight  measurements. 


The  formation  of  carboxyl  end  groups  was  found  to  occur  via  a  first 
order  reaction,  with  the  initial  rate  of  L  rnation  at  a  temperature  near  T  of 
the  polymer  being  10  times  that  for  carbonyl  formation.  This  indicated  t8at 
the  oxidation  reaction  was  complete  and  few  end  of  chain  cat bony Is  existed. 

The  carboxyl  groups  which  only  occur  at  chain  ends  were  used  as  a  measure  of 
the  number  of  chain  scissions  occurring.  A  correlation  between  chain 
scissions  and  tensile  strength  loss  was  found.  This  was  tested  and  the 
results  showed  it  to  be  applicable  for  in-service  parachutes. 

Rates  for  photochemical  degradation  were  also  determined.  Although 
parachutes  are  expected  to  see  very  little  sunlight,  some  dyestuffs  are  known 
to  accelerate  the  rate  of  degradation  through  phototendering.  The  rata  of 
photodegradation  was  faster  for  the  olive  drab  dyed  material  than  for  the 
undyed  material.  Subsequent  exposure  trials  using  the  olive  drab  dye  mixture 
and  the  individual  dye  components  showed  no  phototendering  effects.  More 
likely  the  differences  in  rates  result  from  different  UV  stabilizers  being 
used.  The  results  obtained  for  the  photodegradation  are  opposite  to  those 
tor  thermal  oxidation,  where  the  undyed  nylon  66  was  shown  to  degrade  faster 
than  the  olive  drab  dyed  nylon  66  [1]. 
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>pearance  of  Amine  Rnd  Groups 


k  (day”*) 
0.0450 
0.0393 
0.0063 


0.0029 
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TABLE  2 


Concentra'Ho:!  of  Carbonyl  anci  Carboxyl  Groups 


in  Nylon  Taffeta  Aged  at  110°C 


Days  aged 

Carbonyl 

Concentration 

(mol/g) 

[COOH] 

Carboxyl 

Concentration 

(mol/q) 

[Carbonyl] 

[COOH] 

0 

0.2  X  10“^ 

64  X  10“® 

3.0  X  10"^ 

2 

0.8  X  10"® 

75  X  10"® 

1  .0  X  10~2 

3 

0.6  X  10“^ 

76  X  10“^ 

7.9  X  10~^ 

32 

2.14  X  10“® 

105  X  10"® 

2.0  X  10“2 

TABLE  3 


Coitipariaon  of  Number  of  Polymer  Chain  Scisaions,  S,  Calculated  from  M„ 
with  those  Calculated  from  Carboxyl  Group  Concentration,  S'. 

Data  for  Nylon  66  Undyed  Taffeta  Aged  at  1 1 0°C 


of  Aging 

[COOKj 

S' 

S 

0 

64 

0 

0 

1 

68 

0.06 

0.04 

2 

75 

0.17 

0.2 

3 

76 

0.19 

0 

7 

81 

0.26 

0.06 

21 

97 

0.52 

0.32 

32 

105 

0.64 

0.46 

49 

127 

0.98 

0.87 

75 

148 

1.31 

1.38 
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TABLE  4 

Temperature  Dependence  of  the  Rate  of  Chain  Scission  Calculated 
from  Carboxyl  Group  Concentration  for  Nylon  Taffeta 


T®C 

dS'/dt 
(scissions  ( 

65 

0.0014 

80 

0.0040 

100 

0.0067 

110 

0.0163 
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T  A  B  L  B  5 

Viaeoaity  Average  Molecular  Weight  of  Canopy 
Materials  Kxposed  Outdoors 


Total  Dose  Molecular  Weioht  M^ 

Days  Exposed  .  2  * - - - 

Olive  Drab  Material  tlndyed  Taffeta  Material 


0 

0 

23,300 

22,850 

17 

0.18 

21 ,650 

19,350 

38 

0.46 

18,500 

19,650 

59 

0.80 

18,650 

19,250 

111 

1.89 

14,650 

17,100 

131 

2.35 

10,000 

16,300 

181 

3.44 

8,700 

8,050 
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TABLE  6 


Tensile  Strength  and  Bnurqy  to  Fracture  Measurements  for 
Redyed  Nylon  Yarns  Exposed  Outdoors 


Days  exposed 

Total 

Dose 

GJ/a^ 

Percentage 

Tensile  Strength  Loss 

Dndyed 

Yarn 

Olive  Drab 

orange 

Dark  Blue 

Light  Blue 

14 

0.12 

0.9 

3.6 

0.6 

4.8 

2.4 

34 

0.34 

5.7 

12.5 

4.2 

4.5 

8.3 

86 

1 .21 

23.8 

24.1 

19.3 

24.1 

21.1 

108 

1.68 

33.9 

29.4 

17.5 

30.6 

30.3 

Days  aged 

Total 

Dose 

GJ/la^ 

Energy  to  Fracture  at  Break  (Joale) 

Ondyed 

Yarn 

Olive  Drab 

Orange 

Dark  Blue 

Light  Blue 

14 

0.12 

- 

- 

6.35 

6.38 

5,79 

34 

0.34 

4.43 

S.73 

6.58 

5.49 

5,29 

86 

1 .21 

2.89 

4.12 

4.01 

3.84 

4,31 

108 

1 .68 

2.12 

3.60 

4.44 

3.18 

3.45 

LOGq  k 


4  Ayfhenius  Plot  of  rate  of  aaine  oroup 
OOPSUSPtiOR* 


days 


Fieaiue  %  eyo«i:h  teQ0«J  f©^  uadved  ayloo  at 

a^a<a  ttm  6^'^  to  )to*e<. 


COOH 


FIGURE  7  Plot  of  n\jinber  of  polymer  chain  scissions  occuririnq  durinq 
thermal  acjing  at  110®C  measured  by  changes  in  M^(a)  against 
those  determined  from  (COOHj,  S'.  The  line  is  the  1:1 
correlation* 


1/T°K  X  10  ^ 


FIGURE  8  Arrhenius  Plot  of  the  rate  of  chain  acisaiona  (fro*  fCOOHj) 
for  aqinq  teaparaturea  from  6S»e  to  120*^^  Note:  “fhe 
point  at  120*C  (above  T^)  does  not  fit  the  Arrhenius 
relation  wfileh  la  plotted  for  tetaperaturea  from  to 
1»0»C. 
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0.5  1.0 

Chain  scissions  /  molecule 
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•  olive  drab 
o  undyed  taffeta 

1  Relationship  between  the  atrenqth  loss  (%)  and  polymer  chain 
scissions  calculated  from  the  M-  data  for  both  olive  drab 
and  undyed  nylon  materials  on  outdoor  aqlnq« 


